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The IL-7 Receptor Controls the Accessibility
of the TCR Locus by Stat5 and Histone Acetylation
TCR loci. Second, the promoters for germline tran-
scription control the local accessibility. T early  (TEA)
germline transcription takes place in the 5 region of the
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J cluster in immature thymocytes. Targeted deletion1 Department of Medical Chemistry
of the TEA promoter results in severe impairment of theGraduate School of Medicine
rearrangement of the 5-most J segments (Villey et al.,Kyoto University
1996). In another case, targeted deletion of the D1Kyoto 606-8501
germline promoter abolishes D1 germline transcription2 Center for Molecular Biology and Genetics
and reduces the rearrangement of the D1 gene seg-Kyoto University
ment (Whitehurst et al., 1999). These results suggest aKyoto 606-8507
critical role for germline transcription in V(D)J recombi-3 Department of Hematopoietic Factors
nation of the antigen receptor genes.Institute of Medical Science
IL-7 is an essential cytokine for early lymphocyte de-University of Tokyo
velopment, when V(D)J recombination takes place. IL-7Tokyo 108-0071
exerts its effect through interaction with the IL-7 recep-Japan
tor (IL-7R), consisting of a unique  chain (IL-7R) and
the common cytokine receptor  chain (c) (Leonard and
O’Shea, 1998). Injection of neutralizing antibodies to IL-7Summary
or IL-7R, or genetic ablation of IL-7, IL-7R, or c leads
to a block of lymphocyte development. While IL-7R-The IL-7 receptor (IL-7R) plays critical roles in expansion
deficient mice have small numbers of B cells and  Tand V(D)J recombination during lymphocyte develop-
cells in the periphery, they totally lack  T cells (He andment. Here we demonstrate that cytokine stimulation
Malek, 1996; Maki et al., 1996a). The IL-7R transmitsrapidly recruits Stat5 and transcriptional coactivators
two types of signal in lymphocyte progenitors. One is forto the J germline promoter and induces histone ace-
survival and proliferation. For instance, IL-7R signalingtylation, germline transcription, and accessibility in
induces the expression of Bcl-2 in T cell precursors,Ba/F3 cells. We also show that histone acetylation
and introduction of a bcl-2 transgene restores  T cellof the TCR locus is significantly reduced in IL-7R-
development in IL-7R-deficient mice. The IL-7R alsodeficient thymocytes and that the introduction of ac-
promotes the proliferation of lymphocyte precursorstive Stat5 restores the histone acetylation and accessi-
through the activation of phosphatidylinositol (PI3) ki-
bility of the locus. Furthermore, treatment with histone
nase (Corcoran et al., 1996; Pallard et al., 1999). The
deacetylase inhibitor recovers the histone acetylation other signal from the IL-7R promotes V(D)J recombina-
and accessibility in IL-7R-deficient thymocytes. There- tion in the IgH and TCR loci. For example, IL-7R signal-
fore, these results suggest that Stat5 may recruit the ing induces germline transcription and DNA re-
transcriptional coactivators to the J germline pro- arrangement in D-distal V segments in pro-B cells
moter and control the accessibility of the TCR locus (Corcoran et al., 1998). V-J recombination and germline
by histone acetylation. transcription of TCR genes is also severely impaired
in IL-7R-deficient mice (Maki et al., 1996b; Durum et
Introduction al., 1998; Ye et al., 1999). IL-7R is required for TCR
locus accessibility (Schlissel et al., 2000). The signal
V(D)J recombination of TCR and Ig genes is carried out transducers and activators of transcription (Stat) 5 pro-
by conserved recombinational signals and RAG1 and teins activated by IL-7R interact with consensus motifs
RAG2 recombinases. The recombinational accessibility in 5 regions of J segments and induce germline tran-
model postulates that in developing lymphocytes spe- scription (Ye et al., 1999). A constitutively active form
of Stat5 induces germline transcription, restores V-Jcific molecular mechanisms should exist that make the
recombination of TCR genes, and rescues  T cellappropriate TCR or Ig loci accessible to the common
development from IL-7R/ T cell precursors. These re-recombinase activity in a lineage- and stage-specific
sults suggest that Stat5 may control the accessibility ofmanner (Hempel et al., 1998; Sleckman et al., 1998).
the TCR locus by the induction of germline transcripts.Two kinds of cis chromatin elements are involved in
Sequence-specific transcription factors like Stat pro-controlling the accessibility. First, the enhancer ele-
teins and nuclear hormone receptors activate transcrip-ments govern the general accessibility of each locus in
tion by recruiting transcriptional coactivators (Bhatta-V(D)J recombination. Targeted deletion of the respective
charya et al., 1996; Zhang et al., 1996; Leonard andenhancers abolishes rearrangements in the TCR locus
O’Shea, 1998). The transcriptional coactivators such asand greatly reduces rearrangements in the IgH, Ig, and
CBP/p300 and PCAF interact with the RNA polymerase
II complex and modulate and maintain a transcriptionally
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of CBP/p300 coactivator proteins with Stat1 and Stat5 (data not shown). Mutations in three Stat consensus
motifs in the 5J1 promoter totally eliminated transacti-to augment IL-2- and IFN-dependent transcription. It
vation, confirming Stat5-induced transcription. Theseis conceivable that these coactivators render the chro-
results suggest that the transcriptional coactivators canmatin accessible not only to the transcriptional machin-
functionally cooperate with Stat5 in the transcriptionery, but also to the recombinational machinery. Stat5
from the 5J promoters on the reporter construct.may recruit the transcriptional coactivators to the J
E1A and Twist block the HAT activity of CBP and p300regions and thereby regulate the recombinational ac-
by binding to their HAT domains (Chakravarti et al., 1999;cessibility in the TCR loci, especially at the J regions.
Hamamori et al., 1999). When E1A and Twist expressionEnhancers and promoters can direct the hyperacetyla-
vectors were introduced into Ba/F3 cells, the transacti-tion of core histones due to the histone acetyltransferase
vation of the 5J promoter by Stat5 and CBP was inhib-activity of transcriptional coactivators (Sheridan et al.,
ited in a dose-dependent manner (Figures 1C and 1D).1997; Parekh and Maniatis, 1999). Histone acetylation
Thus, these results suggest that the transcriptional acti-is tightly correlated with V(D)J recombination in the
vation of the 5J promoter on the reporter constructTCR/ and TCR loci and is proposed as a mechanism
is mediated by the HAT activity of the transcriptionalfor coupling enhancer activity to accessibility (Mathieu
coactivators.et al., 2000; McMurry and Krangel, 2000).
To identify the molecular mechanism that links the
Histone Acetylation at the J Region in Ba/F3 CellsStat5-induced germline transcription to the accessibility
The cooperation of the transcriptional coactivators withof the TCR locus, we characterized the role of transcrip-
Stat5 prompted us to check the histone acetylation statetional coactivators and histone acetylation in TCR
at the 5J germline promoter. We first planned to testgenes. Our results demonstrate that cytokine stimula-
whether germline transcription correlates with histonetion rapidly recruits Stat5 and transcriptional coactiva-
acetylation in Ba/F3 cells. For this, we began to reevalu-tors to the 5Jgermline promoter and increases histone
ate the germline transcription at various TCR and Ig lociacetylation, germline transcription, and accessibility in
by RT-PCR (Figures 2A and 2B). Ba/F3 cells showed aBa/F3 cells. We also show that histone acetylation of the
high level of TCR germline transcripts, consistent withTCR locus is significantly reduced in IL-7R-deficient
the previous result (Ye et al., 1999). On the other hand,thymocyte precursors and that introduction of active
no germline transcript was detected at all in the TCR,Stat5 restores the histone acetylation and accessibility
IgH, and Ig loci. Thymus and bone marrow cells gaveof the TCR locus. Furthermore, treatment with histone
clear transcripts with all the primers.deacetylase inhibitor recovers the histone acetylation and
Next, we directly analyzed histone acetylation byaccessibility of the TCR locus in IL-7R-deficient thymo-
chromatin immunoprecipitation (ChIP) assay. Ba/F3cytes. Thus, this study suggests that Stat5 may control
cells were fixed with formalin, lysed, and sonicated tothe local accessibility of the J region by recruiting the
prepare oligonucleosomes. The nucleosomes were im-transcriptional coactivators and inducing histone acet-
munoprecipitated with anti-acetylated H3 and anti-acet-ylation. It also implies a potential role for Stat5 in locus-
ylated H4 antibodies. Purified DNA was amplified bywide accessibility control by the TCR enhancer (E).
PCR with specific primers (Figure 2C). Serial dilutions
of input DNA were used to assess the efficiency of PCR.
Results The same set of input and ChIP DNAs was amplified with
different primers. We detected a high level of histone
Stat5 Cooperates with Transcriptional Coactivators acetylation at the G6PD locus, while the CD19 and CD3
in Germline Transcription of the 5J1 Promoter loci showed low levels. Because the G6PD gene, but
We previously reported that an active form of Stat5 re- not the CD19 and CD3 genes, is transcribed in Ba/F3
stores germline transcription and recombination of cells (data not shown), these results revealed that tran-
TCR genes in IL-7R/ thymocytes (Ye et al., 1999). It scription from a protein-coding gene is well correlated
has been reported that Stat5 interacts with CBP/p300 with histone acetylation. We also detected prominent
transcriptional coactivators. The coactivators acetylate levels of histone acetylation at both the 5J1 promoter
histones by their intrinsic HAT activity and help the tran- and the J1 gene segment. In contrast, the TCR, IgH,
scriptional machinery to access the particular chromatin and Ig loci showed extremely low levels of histone
region. These facts led us to hypothesize that Stat5 acetylation. The level of histone acetylation at each lo-
recruits the transcriptional coactivators to the 5J cus relative to that of the G6PD gene was compared
germline promoter and increases the recombinational after adjusting PCR efficiency with input DNA controls
accessibility by histone acetylation. To test this, we first (Figure 2D). Clearly, the 5J1 promoter and J1 gene
analyzed by reporter assay the functional cooperation segment, but not other loci, were histone acetylated.
of transcriptional coactivators with Stat5 in the germline Thus, the histone acetylation correlated well with the
transcription of the 5J promoter. We introduced 5J1 transcription of each locus. These results demonstrate
promoter-driven luciferase reporter plasmids, together that the chromatin around the J1 region is specifically
with Stat5 and CBP expression plasmids, into a pro-B histone acetylated in Ba/F3 cells.
cell line, Ba/F3 (Figures 1A and 1B). The cells were
starved for 6 hr and then restimulated with IL-3. Addition Cytokine Stimulation Rapidly Recruits Stat5
of exogenous Stat5 increased the transcriptional activity and Transcriptional Coactivators to the J Region
by cytokine stimulation 5-fold. With further addition of and Induces Histone Acetylation
CBP, this induction was augmented about 2-fold. Similar We next intended to test whether activated Stat5 can
bind to the endogenous 5J1 germline promoter andresults were obtained with a p300 expression plasmid
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Figure 1. Stat5 Cooperates with Transcrip-
tional Coactivators in Germline Transcription
of the 5J1 Promoter
(A) Schematic illustration of luciferase re-
porter constructs. The 1.1 kb 5J1 fragment
with or without mutated motifs was flanked
by luciferase cDNA.
(B) Transcriptional activation of 5 J1 pro-
moter with CBP. Ba/F3 cells were transfected
with the mixture of luciferase reporter plas-
mids, Stat5 expression vectors, CBP expres-
sion vector, and -galactosidase control vec-
tor and stimulated with or without IL-3.
Luciferase activity in the whole cell lysate was
normalized with -galactosidase activity.
Data are the mean  SEM of triplicate data
points from a representative experiment.
(C and D) E1A and Twist repress transcrip-
tional activation of 5J1 promoter by CBP.
Ba/F3 cells were transfected with the plas-
mids described in (B) and with increasing
amounts of E1A (C) (50, 100, and 200 ng) or
Twist (D) (3, 6, and 9 	g) expression vectors.
Data are shown as described in (B).
recruit transcriptional coactivators. We first checked To confirm that Stat5 and the transcriptional coactiva-
tors are assembled to the J1 chromatin, we carriedtime kinetics of Stat5 activation with Ba/F3 cells trans-
fected with pim-1 cDNA (BaF3/pim-1), because they can out ChIP reimmunoprecipitation assay (Figure 3F). The
chromatin preparation of BaF3/pim-1 cells at 40 minproliferate without IL-3 (Nosaka et al., 1999) (Figures 3A
and 3B). Without IL-3, BaF3/pim-1 cells showed negligi- after stimulation was first immunoprecipitated with anti-
Stat5 antibody, and the immune complex was thenble levels of phosphorylated Stat5 protein. Stat5 phos-
phorylation, however, soared in 10 min after IL-3 stimula- eluted and reprecipitated with anti-Stat5, anti-CBP, and
anti-p300 antibodies. J1 and E chromatins were spe-tion and then gradually decreased, indicating that
negative-feedback mechanisms were operating. On the cifically reimmunoprecipitated with anti-CBP and anti-
p300 antibodies as well as anti-Stat5 antibody. The chro-other hand, TCR germline transcripts were completely
absent before stimulation and induced much more matin, prepared from the cells before stimulation or first
immunoprecipitated with control antibody, gave onlyslowly, starting to be detected at 12 hr (data not shown).
We then analyzed by ChIP assay the binding of Stat5 minimal levels of the PCR products. The rapid assembly
of transcription factors to the same promoter fragmentand transcriptional coactivators to the J1 chromatin
in parallel with H3 and H4 histone acetylation (Figures and the concomitant histone acetylation suggest that
Stat5 may recruit transcriptional coactivators and in-3C–3E). The chromatin preparation of BaF3/pim-1 cells
at various time points of cytokine stimulation was immu- duce histone acetylation at the endogenous J1 germ-
line promoter and E element.noprecipitated with anti-Stat5, anti-CBP, and anti-p300
antibodies, and purified DNA was amplified by PCR with
the J1 and E primers. Binding of Stat5 to the J1 Forced Expression of RAG1 and RAG2 Induces
Double-Strand Breaks at the J Recombinationchromatin became evident as early as 5 min, rapidly
increased, and reached the maximum level in 20 to 40 Signal Sequence in Ba/F3 Cells
To demonstrate that histone-acetylated chromatin is ac-min. Concurrently, CBP and p300 were recruited to the
same chromatin, and histone acetylation was induced cessible not only to RNA polymerase but also to V(D)J
recombinases, we next intended to introduce RAG ex-in a similar time course. Interestingly, we also observed
recruitment of Stat5, CBP, and p300 to the E chromatin pression vectors into Ba/F3 cells and analyze broken
signal ends. Before this, we first checked, using sensi-and histone acetylation after IL-3 stimulation. On the other
hand, negative control PCR with C1 primers showed tive RT-PCR with nested primers, whether Ba/F3 cells
express RAG1 and RAG2 mRNA (Figure 4A). While nor-negligible signals with ChIP DNA immunoprecipitated
with anti-Stat5, anti-CBP, or anti-p300 antibody. mal thymocytes expressed high levels of RAG1 and
Immunity
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Figure 2. Germline Transcription and His-
tone Acetylation at the TCR Locus in Ba/F3
Cells
(A and B) Detection of germline transcripts in
the TCR and Ig loci. The same amount of
cDNA from Ba/F3 cells, thymocytes, and
bone marrow cells was 5-fold serially diluted
and amplified with specific primers for germ-
line transcripts (J1-C1, J2-C, JH1-C	,
and J1-C) and HPRT. Samples prepared
with and without () reverse transcriptase
(RT) are compared. (A) and (B) share the
HPRT control of Ba/F3 cells.
(C) ChIP assay. Souble chromatin preparation
from 5 
 106 Ba/F3 cells was immunoprecipi-
tated with the antibodies against acetylated
histone H3 (AcH3) or H4 (AcH4). Purified DNA
(ChIP) was amplified by semiquantitative
PCR with G6PD, CD19, CD3, 5J1, J1, D1,
J1, JH1, I0, and J1 primers. Five-fold serial
dilutions of total DNA before immunoprecipi-
tation (Input) were amplified as an internal
control of PCR.
(D) Comparison of histone acetylation levels.
The relative levels of histone acetylation at
each locus to that of the G6PD locus were
calculated by quantitating the amount of PCR
products corrected for amplification effi-
ciency, with the input DNA as controls.
RAG2 transcripts, Ba/F3 cells did not yield any tran- onstrate that the J1 chromatin region, where germline
transcription and histone acetylation take place, is ac-script. This result agrees with the observation that Ba/F3
cells have their TCR locus in the germline configuration cessible to the recombinational machinery.
(data not shown). Next, to confirm RAG1 and RAG2
expression vectors, we transfected 293T cells with myc-
tagged RAG1 and RAG2 plasmids. We detected RAG1 Histone Acetylation of the TCR Locus Is Reduced
in IL-7R-Deficient Thymocyte Precursorsand RAG2 proteins after immunoprecipitation with anti-
myc tag antibody and immunoblotting with either anti- To test whether histone acetylation is correlated with
accessibility of the TCR locus in developing thymo-RAG1 or anti-RAG2 antibody (Figure 4B).
Next, the RAG1 and RAG2 expression vectors were cytes, we next checked IL-7R-deficient mice. Because
the V-J recombination of TCR genes takes place in earlyintroduced into Ba/F3 cells by electroporation, and ge-
nomic DNA was isolated after 24 hr. The same amount T cell precursors, we isolated CD348 thymocytes
from control and H2K-bcl-2 IL-7R/ mice and carriedof DNA was serially diluted, and broken signal ends were
amplified by ligation-mediated (LM)-PCR (Figures 4C out ChIP assay (Figure 5A). Serial dilutions of thymocyte
input DNA as well as Ba/F3 standard DNA were usedand 4D). We detected J broken signal ends in Ba/F3
cells transfected with the RAG expression vectors, but as PCR controls to normalize the amount of DNA. We
detected a high level of H3 and H4 histone acetylationnot in mock transfectants. On the contrary, broken signal
ends were not detected at the D, J, DH, and J gene at the J1 gene segment in control mice, consistent with
the previous report that they express high levels of TCRsegments in either transfectant. As positive controls,
thymocytes and bone marrow cells gave clearly broken germline transcripts (Ye et al., 1999). In contrast, H2K-
bcl-2 IL-7R/ mice showed significantly lower levels ofends at the TCR and Ig loci, respectively. Although we
found broken signal ends at the V2 gene, V2-J1 cod- histone acetylation at the J1 gene. The D1 and J1
regions, however, gave comparable levels of histoneing joints were not detected by PCR in RAG-transfected
Ba/F3 cells (data not shown). These results clearly dem- acetylation between control and H2K-bcl-2 IL-7R/
Role of the IL-7 Receptor in T Cell Development
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Figure 3. Cytokine Stimulation Rapidly Recruits Stat5 and Transcriptional Coactivators to the J Region in BaF3/pim-1 Cells
(A) Phosphorylation of Stat5 by cytokine stimulation. Total cellular extract was isolated from BaF3/pim-1 cells at various time points (5 min,
10 min, 20 min, 40 min, 1 h, 3 h, and 6 h) after IL-3 stimulation and immunoprecipitated with anti-Stat5 antibody. Western blot was visualized
sequentially with anti-phosphorylated Stat5 and anti-Stat5 antibodies.
(B) Time kinetics of Stat5 activation. The relative levels of phosphorylated Stat5 protein to total Stat5 protein were calculated by quantitating
Western blots. The percentage of each value relative to the maximum level at one of the time points is shown.
(C and D) ChIP assay. Souble chromatin preparation from BaF3/pim-1 cells at the various time points after IL-3 stimulation was immunoprecipi-
tated with a control antibody or the antibodies against Stat5, CBP, p300, and acetylated histone H3 (AcH3) or H4 (AcH4). Purified DNA (ChIP)
was amplified by semiquantitative PCR with J1, E, and C1 primers. Five-fold serial dilutions of total Ba/F3 DNA (Standard) and total BaF3/
pim-1 DNA (Input) were amplified as an internal control of PCR.
(E) Time kinetics of factor recruitment and histone acetylation. The levels of recruitment of Stat5, CBP, and p300, and histone acetylation at
each locus were calculated by quantitating the radioactivity of Southern blots corrected for amplification efficiency, with the standard DNA
as controls. The percentage of each value relative to the maximum level at one of the time points is shown.
(F) ChIP reimmunoprecipitation assay. The chromatin preparation of BaF3/pim-1 cells before and after IL-3 stimulation (for 40 min) was first
immunoprecipitated with control and anti-Stat5 antibodies (1stIP), and the immune complex was then eluted and reprecipitated with control,
anti-Stat5, anti-CBP, and anti-p300 antibodies (2ndIP). PCR was done as described in (C).
mice. J1 and MyoD regions showed low levels of his- locus were normalized by the input DNA and compared
between control and H2K-bcl-2 IL-7R/ mice (Figuretone acetylation in both types of mice.
The levels of H3 and H4 histone acetylation at each 5B). The acetylation levels of the CD3 locus were slightly
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E region is partially controlled by IL-7R signaling. On
the other hand, histone acetylation of the TCR locus
showed variable levels between H3 and H4, and seems
to be less influenced by IL-7R signaling.
Histone Acetylation and Accessibiliy of the TCR
Locus Are Restored in IL-7R-Deficient Thymocytes
by Active Stat5
To test whether active Stat5 can restore histone acetyla-
tion, we next analyzed by ChIP assay the organ-cultured
IL-7R/ thymocytes introduced with either GFP alone,
IL-7R, or active Stat5 cDNAs (Figure 6A). The levels of
H3 and H4 histone acetylation at the J1 region were
not changed in the thymocytes introduced with IL-7R,
because IL-7R-introduced thymocytes contain many
CD4CD8 and single positive cells, which usually show
lower levels of histone acetylation at J1 region com-
pared with CD4CD8 cells (data not shown). In con-
trast, the levels were significantly increased in the thy-
mocytes with the active Stat5 compared to those with
GFP. Similarly, the histone acetylation at the E element
was also elevated by the introduction of IL-7R and active
Stat5 cDNAs. The relative levels of histone acetylation
at each locus were normalized by the input DNA and
compared (Figure 6B). The acetylation levels of the J1
and E regions were significantly elevated in the
IL-7R/ thymocytes with active Stat5. The levels in the
IL-7R-reconstituted thymocytes were also increased at
the E region. Because most thymocytes with GFP and
active Stat5 remain CD4CD8 (Ye et al., 1999), these
cells are comparable. Therefore, although the J histone
Figure 4. J1 Region Is Accessible to Recombinational Machinery acetylation in IL-7R-introduced thymocyte precursors
in Ba/F3 Cells was not exactly evaluated (underestimated), these re-
(A) RAG1 and RAG2 are not expressed in Ba/F3 cells. Five-fold serial sults suggest that active Stat5 can restore histone acet-
dilutions of cDNA from Ba/F3 and thymocytes were amplified with
ylation of the TCR locus in IL-7R/ thymocytes.specific primers for RAG1, RAG2, and HPRT. Samples prepared
To confirm whether active Stat5 can also restore thewith and without () reverse transcriptase (RT) are compared.
accessibility of the TCR locus, we analyzed the organ-(B) Expression of RAG1 and RAG2 proteins. HEK293T cells were
transiently transfected with RAG1 and RAG2 expression vectors. cultured IL-7R/ thymocytes by LM-PCR (Figures 6C
The total cellular extract was immunoprecipitated with anti-myc and 6D). DNA from same numbers of thymocytes was
antibody. Western blots were visualized with anti-RAG1 and anti- ligated with a synthetic linker and amplified to detect
RAG2 antibodies.
double-strand breaks at J, D, and J gene segments.(C and D) RAG1- and RAG2-induced cleavage at J1 locus in Ba/
The level of J broken signal ends was specifically de-F3 cells. Genomic DNA from mock- and RAG1 and RAG2 (RAG)-
creased in the IL-7R/ thymocytes with GFP, and thetransfected Ba/F3 cells was ligated with linker, 5-fold serially diluted,
and amplified by LM-PCR to detect broken signal ends of the J1, introduction of IL-7R and active Stat5 cDNAs restored
D, J, DH, and J gene segments. The genomic DNA incubated the level. In contrast, we detected comparable levels
without T4 ligase was used as negative control (Lig ). The diluted of D and J broken signal ends in all the IL-7R/
DNA was also amplified with G6PD primers to confirm the amount of
thymocytes, indicating that the accessibility of the TCRDNA. (C) and (D) share the G6PD control of the Ba/F3 transfectants.
locus is not controlled by IL-7R. The result also implies
that RAG1 and RAG2 are expressed independently of
the IL-7R signals. These results suggest that active Stat5lower in H2K-bcl-2 IL-7R/ mice compared with control
restores the accessibility of the TCR locus in IL-7R-mice. The levels at the 5J1 and J1 regions were dras-
deficient mice.tically reduced in H2K-bcl-2 IL-7R/ mice. Interestingly,
the acetylation levels of both H3 and H4 at the E region
were also high in control mice and 2- to 4-fold lower in Histone Acetylation and Accessibiliy of the TCR
Locus Are Restored in IL-7R-Deficient ThymocytesH2K-bcl-2 IL-7R/ mice. The H3 acetylation levels of
the D1 and J1 regions were comparable between by Treatment with Histone Deacetylase Inhibitor
To examine whether histone acetylation controls thecontrol and H2K-bcl-2 IL-7R/ mice, while the H4 acet-
ylation levels were 2- to 3-fold less in H2K-bcl-2 IL-7R/ accessibility of the TCR locus, we analyzed organ-
cultured IL-7R/ thymocytes treated with a histonemice. These results demonstrate that the chromatin
around the J1 region is histone acetylated in normal deacetylase inhibitor, trichostatin A (TSA). First, we mea-
sured H3 and H4 histone acetylation levels by ChIPthymocyte precursors and that the level of acet-
ylation is significantly reduced in IL-7R-deficient mice. assay (Figures 7A and 7B). The levels of histone acetyla-
tion at the CD3 locus were slightly lower in the thymo-The results also suggest that histone acetylation at the
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Figure 5. Histone Acetylation of the TCR
Locus Is Reduced in IL-7R-Deficient Thymo-
cyte Precursors
(A) ChIP assay. Souble chromatin prepara-
tions of 8 
 105 CD348 thymocytes from
control and H2K-bcl-2 IL-7R/mice were im-
munoprecipitated with a control antibody (C
Ab) or the antibodies against acetylated his-
tone H3 (AcH3) or H4 (AcH4). The purified
DNA (ChIP) was amplified by semiquantita-
tive PCR with CD3, 5J1, J1, E, D1, J1,
JH1, J1, and MyoD primers. Five-fold serial
dilutions of total Ba/F3 DNA (Standard) and
CD348 thymocyte DNAs (Input) were am-
plified as an internal control of PCR.
(B) Comparison of histone acetylation levels.
Histone acetylation levels at each locus were
calculated by quantitating the radioactivity of
Southern blots corrected for DNA amount,
with the input DNAs as controls.
cytes cultured with TSA. In contrast, the acetylation lev- Stat5-induced germline transcription of the TCR locus
by their HAT activity. Concurrently, the chromatin is his-els of the J1 and E regions were significantly elevated
by TSA treatment. These results suggest that TSA treat- tone acetylated in Ba/F3 cells only around the J1 region
where germline transcription takes place. We alsoment restored histone acetylation of the TCR locus in
IL-7R-deficient thymocytes. showed that cytokine stimulation rapidly recruits Stat5
and transcriptional coactivators to the J and E regionsTo test whether the elevation of histone acetylation
leads to increased accessibility, we next analyzed the and induces histone acetylation in BaF3/pim-1 cells. In
addition, we demonstrated that forced expression oforgan-cultured IL-7R/ thymocytes by LM-PCR (Fig-
ures 7C and 7D). DNA from same numbers of thymocytes RAG1 and RAG2 induces double-strand breaks at the J
recombination signal sequence in Ba/F3 cells, suggestingderived from IL-7R/ fetal liver or bone marrow cells
was ligated with a synthetic linker and amplified to de- that the chromatin region where germline transcription
and histone acetylation take place is accessible to thetect double-strand breaks at J gene segment. The lev-
els of J broken signal ends were drastically elevated recombinational and transcriptional machinery. Further-
more, the J1 and E regions are histone acetylated inin the IL-7R/ thymocytes treated with TSA. Next we
confirmed by PCR the occurrence of V-J recombination normal thymocyte precursors, and the levels of acetyla-
tion are significantly reduced in IL-7R-deficient mice.of TCR genes in the organ-cultured thymocytes (Fig-
ures 7E and 7F). V2-J1 and V3-J1 PCR products We also demonstrated that the introduction of active
Stat5 into IL-7R-deficient T precursors restores the his-were clearly augmented by TSA treatment, in accor-
dance with a previous report (Durum et al., 1998). Taken tone acetylation and accessibility of the TCR locus.
Finally, treatment with histone deacetylase inhibitor re-together, these results suggest that histone acetylation
and accessibiliy of the TCR locus are restored in IL-7R- covers the histone acetylation and accessibility of the
TCR locus in IL-7R-deficient thymocytes. Thus, thisdeficient thymocytes by the TSA treatment.
study suggests that Stat5 may recruit the transcriptional
coactivators to the 5J germline promoter and increaseDiscussion
the recombinational accessibility of the TCR locus by
histone acetylation.In this study, we first showed by reporter assay that
transcriptional coactivators like CBP and p300 augment The recombinational accessibility of the TCR locus
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Figure 6. Histone Acetylation and Accessi-
bility of the TCR Locus Are Restored in
IL-7R-Deficient Thymocytes by the Introduc-
tion of Active Stat5
(A) ChIP assay. IL-7R/ T cell precursors in-
fected with GFP, IL-7R, or active Stat5 retro-
virus were organ cultured for 14 days. Soluble
chromatin preparations of 1.2 
 106 CD45
thymocytes were immunoprecipitated with a
control antibody (C Ab) or the antibodies
against acetylated histone H3 (AcH3) or H4
(AcH4). The purified DNA (ChIP) was ampli-
fied by semiquantitative PCR with CD3, J1,
and E primers. Five-fold serial dilutions of
total Ba/F3 DNA (Standard) and organ-cul-
tured thymocyte DNAs (Input) were amplified
as an internal control of PCR.
(B) Comparison of histone acetylation levels.
Histone acetylation levels at each locus are
shown as in Figure 5B.
(C) Active Stat5 restores the accessibility of
the TCR locus in organ-cultured IL-7R/
thymocytes. Genomic DNA from 1 
 105 thy-
mocytes, organ cultured for 16 days as in (A),
was ligated with linker, 5-fold serially diluted,
and amplified by LM-PCR to detect broken sig-
nal ends of the J1, D, and Jgene segments.
Genomic DNA from IL-7R/ thymus is shown
as a positive control of LM-PCR. The genomic
DNA incubated without T4 ligase was used as
a negative control (Lig ).
(D) Comparison of J1, D, and J broken
signal ends.
is regulated by several steps. First, it is probable that elements. If this is the case, Stat5 is involved in the
induction of both general and local accessibility throughthe E elements control the general accessibility of the
locus, as has been described for other TCR and Ig loci interaction with the enhancers and the germline promot-
ers, respectively. It is also reported that the histone(Hempel et al., 1998; Sleckman et al., 1998). A locus
control region-like element between the V5 and V2 acetylation of enhancers is tightly correlated with the
accessibility of the TCR/ and TCR loci, and this isgene segments, HsA (Baker et al., 1999) may also con-
tribute to the general accessibility. Second, as charac- proposed as a mechanism for coupling enhancer activity
to accessibility (Mathieu et al., 2000; McMurry andterized in this study, Stat5 induces germline transcrip-
tion and regulates the local accessibility near J gene Krangel, 2000). Thus, our system may provide a model
to elucidate the molecular mechanism of accessibilitysegments by histone acetylation. Lastly, a basic helix-
loop-helix protein, E2A regulates the fetal (V3 and V4) control by the enhancers.
In mouse and human TCR loci, Stat consensus motifsto adult (V2 and V5) switch of preferential recombina-
tion of the TCR locus (Bain et al., 1999). are conserved in 5J germline promoters, the E, and
the HsA elements (Maki et al., 1996b; Baker et al., 1999;Stat5 may control the general accessibility of the
TCR locus through histone acetylation of the E ele- Lee et al., 2001). The Stat motifs are not conserved in
cis-controlling elements of the TCR, , and  loci. Thisments. Mouse E elements contain conserved Stat con-
sensus motifs (Maki et al., 1996b), and Stat5 can bind to observation indicates that the TCR locus is under the
strong influence of IL-7R signaling. After entry into thethese motifs (S.Y. and K.I., unpublished data). Cytokine
stimulation rapidly recruits Stat5 and transcriptional co- thymus, T cell precursors first proliferate by stimuli from
c-kit and the IL-7R. At this stage they receive a signalactivators to the E region and induces histone acetylation
(Figure 3). In addition, the E region is histone acetylated from the IL-7R to induce the rearrangement of the TCR
locus. This will help them to commit and maintain them-in normal thymocyte precursors and the acetylation levels
are reduced in IL-7R-deficient mice (Figure 5). We also selves to the  T cell lineage. In  T cell development,
however, this signal for  T cells has to be shut off. Weshowed that the introduction of active Stat5 into
IL-7R/ T precursors induces histone acetylation of the speculate that pre-TCR signaling may cancel this IL-7R
signal to maintain commitment to the  T cell lineage.E region and accessibility of the TCR locus (Figure
6). Furthermore, treatment with histone deacetylase in- During the evolution of the immune system,  T cells
may have emerged first with the simple mechanism thathibitor recovers the histone acetylation of the E region
and the accessibility of the TCR locus in IL-7R-deficient IL-7, produced from epithelial cells of the skin and intes-
tine, induces the V(D)J recombination and cell expan-thymocytes (Figure 7). These results suggest the possi-
bility that Stat5 may control the general accessibility of sion.  T cells probably evolved later with a more so-
phisticated system where pre-TCR signaling invalidatesthe TCR locus through histone acetylation of the E
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Figure 7. Histone Acetylation and Accessibil-
ity of the TCR Locus Are Restored in IL-7R-
Deficient Thymocytes by Treatment with His-
tone Deacetylase Inhibitor
(A) ChIP assay. E14 fetal liver cells from
IL-7R/mice were organ cultured for 13 days
with or without TSA. Souble chromatin prepa-
rations of 4.3 
 105 CD45 thymocytes were
analyzed as described in Figure 6A.
(B) Comparison of histone acetylation levels.
Histone acetylation levels at each locus were
calculated as described in Figure 5B.
(C) TSA treatment induces DNA cleavage at
J gene segment in IL-7R/ thymocytes.
IL-7R/ E14 fetal liver (FL) or adult bone mar-
row (BM) cells were organ cultured for 10 or
14 days with or without TSA. Genomic DNA
from 1 
 105 CD45 thymocytes was ampli-
fied with J1 primers by LM-PCR as de-
scribed in Figure 6C. The diluted DNA was
also amplified with G6PD primers to confirm
the amount of DNA.
(D) Comparison of J1 broken signal ends.
(E) TSA treatment induces V-J recombination
of the TCR locus in IL-7R/ thymocytes.
The same DNA as in (C) was 5-fold serially
diluted and amplified with specific primers to
detect V2-J1 and V3-J1 coding joints.
Adult and E17 fetal thymus DNA from control
mice was used as positive controls for V2-
J1 and V3-J1, respectively. The diluted
DNA was also amplified with G6PD primers
to confirm the amount of DNA.
(F) Comparison of V2-J1 and V3-J1 cod-
ing joints.
CD8 cells were depleted. The CD8 cells were then stained withthe IL-7R signal, enabling positive and negative selec-
FITC-anti-CD3 antibody (PharMingen, San Diego, CA). After a washtion to operate on the basis of interactions between 
the cells were incubated with a cocktail of anti-FITC, anti-CD4, anti-TCRs and self-MHC.
CD19, and TER119 antibody-coupled paramagnetic beads (Miltenyi
In this study, we suggest the possibility that Stat5 Biotec). The CD34819TER cells were then recovered. The pu-
induces the histone acetylation and accessibility of the rity of the CD348 population was typically 98% and 89% of
TCR locus by IL-7R signaling. We have advanced lymphoid and total viable cells, respectively.
knowledge in this field by identifying major signaling
Fetal Thymic Organ Culturemolecules from cell surface to chromatin that are in-
Magnetic cell separation, infection of fetal liver cells, and fetal thymicvolved in accessibility control of the antigen receptor
organ culture (FTOC) were done as previously described (Ye et al.,loci. Additionally, we have recently shown that a change
1999). For ChIP assay, E14 fetal livers from H2K-bcl-2 IL-7R/ 
in histone acetylation state alters the recombination of
IL-7R/ mating were used, and CD45 cells were enriched after
V genes in developing lymphocytes (Agata et al., 2001), FTOC as follows. Organ-cultured thymocytes were incubated with
providing further evidence that histone acetylation de- basic beads (Miltenyi Biotec) and subjected to large cell separation
termines the accessibility for V(D)J recombination in column (Miltenyi Biotec) to deplete adherent cells. The cells were
then incubated with anti-CD45 antibody-coupled beads (Miltenyivivo. Thus, these studies may indicate that histone ace-
Biotec) and subjected to the column to recover CD45 cells. Fortylation induced by Stat5 directly controls the accessibil-
the TSA experiment, 1.3–3.0 
 105 whole cells of E14 fetal liver andity of the TCR locus.
adult bone marrow (8 weeks old) from (H2K-bcl-2 IL-7R/ 
 H2K-
bcl-2 IL-7R/) F1 and H2K-bcl-2 IL-7R/ mice, respectively, wereExperimental Procedures
cocultured with each lobe. TSA (3 ng/ml) treatment was done as
previously described (Agata et al., 2001).Mice
IL-7R-deficient mice and H2K-bcl-2 transgenic mice were pre-
RT-PCRpared as previously reported (Maki et al., 1996a; Domen et al., 1998)
Five-fold serial dilutions of oligo (dT)-primed cDNA were amplifiedand bred on the (129/Ola 
 C57BL/6) hybrid background. All mice
by PCR for 30 cycles of 1 min at 94C, 30 s to 1 min at 60C (RAG1were maintained under specific pathogen-free conditions in the In-
and RAG2) or 55C (others), and 1 min at 72C. In the case of RAG1stitute of Laboratory Animals, Graduate School of Medicine, Kyoto
and RAG2, nested PCR was done. All the primer pairs span introns.University.
J1, C1, J, C, and HPRT primers were previously reported (Ye
et al., 1999; Agata et al., 2001). Sequences of the other primersIsolation of Triple-Negative Thymocytes
are as follows: 5J2.1 5-1, 5-GATGGAGAATGTGAGTAACC-3; CThymocytes were incubated with anti-CD8 antibody-coupled para-
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), and 3-1, 5-TGCCAGAAGGTAGCAGAGAC-3; 5JH1 5-1, 5-TAGGGC
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TACTTCACTGGGTC-3; C	 3-2, 5-CCAGATTCTTATCAGACAGG-3; sel, 1997; Whitehurst et al., 1999). Sequences of the other primers
follow.RAG1 5-4, 5-CTGTGGCATCGAGTGTTAACAACC-3; RAG1 3-6,
5-CTCTGGAACTACTGGAGACTGTTC-3; RAG1 5-5 (nested), 5- Linker primers: BW-1H3, 5-ACCCGGGAGATCTGAATTCCAC
AGT-3; BW-1H4, 5-ACCCGGGAGATCTGAATTCCACGGT-3.GCTGCAGACATTCTAGCACTCTGG-3; RAG1 3-5 (nested), 5-CTT
CTCCTTCTGTGCTTCTTCGGG-3; RAG2 5-4, 5-TTAATTCCTGGC Locus-specific primers: 5J1 5-4, 5-GTTGATGGACCAGTTAGC
CCAACTC-3; 5J1 5-5, 5-AACTCCAGGGAGAACAGTGTATGAG-TTGGCCGAAAGG-3; RAG2 3-7, 5-GAGAAGATTGCAGGCTTCAGT
TTG-3; RAG2 5-6 (nested), 5-AAGCAGCCCCTCTGGCCTTCAGTG- 3; 5J1 5-3, 5-CAGAAGATCGGTTTGTCAGG-3 (probe); 3DHFL3-1,
5-GGTTTCCTGGACTCTGGGTGAGAGG-3; 3DHFL3-2, 5-GGGA3; RAG2 3-5 (nested), 5-GATCTCTTAGGCCAGCCTTTCTGG-3.
TCTGACTTTAGGGTGGTTGG-3; 3DHFL3-3, 5-ATGGGTCAGTGGT
CAAGACTGC-3 (probe).
Chromatin Immunoprecipitation PCR of genomic DNA to detect V-J coding joints was done as
Chromatin immunoprecipitation (ChIP) was performed as previously described (Agata et al., 2001).
described (Agata et al., 2001). Briefly, Ba/F3 cells (5–10 
 106/three
antibodies), BaF3/pim-1 cells (3 
 107/six antibodies) (Nosaka et Luciferase Reporter Gene Transactivation Assay
al., 1999), CD348 thymocytes (8 
 105/three antibodies), and Reporter assay was done as previously described (Ye et al., 1999).
CD45 organ-cultured thymocytes (4.3–12 
 105/three antibodies) Ba/F3 cells were transiently transfected by electoporation with 5
were fixed with formaldehyde for 5 min at room temperature (for 	g of luciferase reporter plasmids driven by the 1.1 kb 5J fragment
acetylated histones) or overnight at 4˚C (for Stat5, CBP, and p300). and 1 	g of a -galactosidase plasmid (pRSV--gal) as well as 4
Soluble chromatin was immunoprecipitated with 4 	g of anti-acet- 	g of Stat5 vectors (pMX-Stat5A and B), 5 	g of a p300 vector
ylated H3 antibody (Upstate Biotechnology, Lake Placid, NY), 1 	l (pCMV-HA/p300) (Eckner et al., 1994), and a CBP vector (pRSV-
of anti-acetylated H4 antiserum (Upstate Biotechnology), 5 	l of mCBP/HA) (Chrivia et al., 1993), and 50 ng to 9 	g of an Ad5 E1A
anti-Stat5 antibodies (a mixture of PA-ST5A and PA-ST5B; R&D vector (pCMX-E1A) or a Twist vector (pFLAG-CMV2-Twist) (Kurooka
Systems, Minneapolis, MN), anti-CBP antibody (SC-1211, Santa and Honjo, 2000). Normalized luciferase activity (luciferase/-galac-
Cruz Biotechnology, Santa Cruz, CA), anti-p300 antibody (SC-584, tosidase ratio) was then compared. In each experiment, samples
Santa Cruz Biotechnology), or 4 	g of normal rabbit IgG (Santa Cruz were analyzed in triplicate, and each experiment was repeated at
Biotechnology) overnight. The same set of 5-fold serial dilutions of least twice.
input DNA and 2.5%–5% of purified ChIP DNA were subjected to
quantitative PCR with different primers for 28–30 cycles. Southern Transfection of RAG Expression Vectors
blots were hybridized with 32P-labeled oligonucleotide probes. Ba/F3 cells (5 
 106) were transfected with 10 	g each of RAG1
Ethidium bromide-stained gels and Southern blots were quantitated and RAG2 expression vectors (BCMGSNeo-TAG-1 and -2) by elec-
using a Bio-image Analyzer (BAS1500; Fuji Film, Tokyo, Japan). troporation as described above. After 24 hr, genomic DNA was
Histone acetylation levels at each locus were calculated by correct- prepared. To detect RAG expression, whole-cell extracts were pre-
ing amplification efficiency with the input DNA. CD3, J1, and MyoD pared from 293T cells transfected with the vectors and immunopre-
primers were prepared as previously reported (Agata et al., 2001). cipitated with anti-c-myc antibody (Santa Cruz Biotechnology) and
Sequences of the other primers are as follows: G6PD F815, 5- protein G-Sepharose. The Western blot of the immunoprecipitate
ACGGGGACCCAGGAGAACTG-3; G6PD R1090, 5-TAGTTGCCGC was incubated with anti-RAG1 and anti-RAG2 antibodies (Santa
TGCCAAACAC-3; CD19 G1 F397, 5-TTGTGGATTTGGAAGAGTGC- Cruz Biotechnology) and visualized with horseradish peroxidase-
3; CD19 G1 R606, 5-AGGTAAGAAAGAGGAGGAAG-3; J1P-F1 (5J conjugated rabbit anti-mouse IgG (ICN Pharmaceuticals, Costa
1), 5-ACAGTTTCAACACGAGTGAG-3; J1P-R1 (5J1), 5-TCTGA Mesa, CA) by ECL detection system (Amersham Pharmacia, Buck-
TATCTTGCAATCTTC-3; 5J1 5-2 (J1), 5-TAACTCCAGGGAGAA inghamshire, UK). Western and Northern blots were quantitated us-
CAGTG-3; J1-1 (J1), 5-CAGAGGGAATTACTATGAGC-3; 5J1 ing the Bio-image Analyzer and a Lumino-image Analyzer (LAS-
5-3 (J1), 5-CAGAAGATCGGTTTGTCAGG-3 (probe); 5D1 5-2, 1000; Fuji Film).
5-GTTTCTTCCAGCCCTCAAGG-3; 3D1 3-3, 5-TAGAGGACTGT
GGGCCTTGG-3; 5D1 5-3, 5-GGTAGACCTATGGGAGGGTCCT- Acknowledgments
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